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We study the local and global dynamics of sheared granular materials in a model experiment.
The system crackles, with intermittent slip avalanches, or exhibits periodic motion, depending on
the shear rate or loading stiffness. The global force on the intruder during shearing captures the
transition from the crackling to the periodic regime. We deduce a novel dynamic phase diagram
as a function of the shear rate and the system’s stiffness and associated scaling laws. Using photo-
elasticimetry, we also capture the grain-scale stress evolution, and investigate the microscopic be-
havior in the different regimes.
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Sheared amorphous materials yield and flow, when suf-
ficiently loaded [1–3]. The flow can be spatially hetero-
geneous and erratic in time. This intermittent behavior
has been observed in phenomena as diverse as seismic-
ity [4–6], fracture [7–9], damage [10, 11], friction [12, 13],
plasticity [14, 15], magnetization [16, 17], wetting [18, 19],
neural activity [20, 21] and granular avalanches [22–26].
In granular media, the intermittent dynamics, also
called ‘crackling’ [27], is associated with the transition
between jammed and unjammed states [26, 28] around
yielding: when slowly sheared, a granular system may
stick and slip, with slip sizes spanning a wide range
of scales [29–32]. Meanwhile, under certain conditions,
some sheared systems do not obey this crackling behav-
ior. Instead, slips occur periodically with a narrow size
distribution [33–36]. For other systems, the oscillations
may be damped or the grains flow smoothly. In addi-
tion to safety and industrial challenges to control these
dynamics, understanding these different behaviors is cru-
cial in granular physics and many other associated fields,
exhibiting similar dynamics.
The crackling response of granular media is of par-
ticular interest [2, 26, 37] and the effect of the sys-
tem’s parameters on the dynamics, their scaling laws and
avalanche shapes have been investigated [38–41]. Other
studies concentrated on understanding the transition be-
tween the periodic stick-slip and steady sliding regimes
[36, 42]. However, the transition from crackling to pe-
riodic dynamics have not been studied. Consequently,
fundamental issues remain: Do crackling and periodic
dynamics arise from fundamentally different systemic be-
haviors, identifiable at a microscopic scale, or do they
occur as bifurcations controlled by system-scale parame-
ters? What is the interplay between the grain-scale me-
chanics and the macroscopic system parameters?
The study reported here addresses these questions. Ex-
periments on sheared granular materials reproduce both
crackling and periodic regimes. Adjusting the driving
rate and the system stiffness causes the system to tran-
FIG. 1. (color online) (a) Sketch of the experiment from the
side: A slider is pulled over a 2D vertical granular bed of bi-
disperse photoelastic discs. The slider is pulled at a constant
speed c by mean of a spring of stiffness k. The pulling force,
f , is measured by a force sensor, connected to the spring.
The system is lit from behind by polarized light and observed
from the front by a fast (∼ 120 fps) camera equipped with
a crossed polarizer. A second camera (without polarizer) si-
multaneously records the particles. (b) Photoelastic response
of the granular bed during loading.
sition between different behaviors, and yields a dynamic
phase diagram. The system observables, such as loading
force are analyzed in both regimes. We find that the pe-
riodic behavior of macroscopic force is accompanied with
local erratic stress dynamics.
Experiments – The experimental device provides data
both at the global and local scales, similarly to [36, 43].
As shown in fig.1(a) [44], a stage pulls a 2D frictional
slider of fixed length 25 cm and variable mass M . The
stage, which moves at constant speed c, pulls the slider
by means of a linear spring of stiffness k. The slider rests
on a vertical bed of fixed depth L = 9.5 cm, and length
1.5 m consisting of bi-disperse cylindrical photoelastic
particles with diameters 0.4 cm and 0.5 cm (small/big
ratio of 2.7) to avoid crystallization. Unless specified, the
experiments are made with a slider of mass M = 85 g.
The slider+particles system is sandwiched between two
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2dry-lubricated glass plates. The slider bottom is toothed
to enhance the friction with the grains. The force, f , ap-
plied to the spring, is measured by a sensor at a frequency
of 1 kHz. The system is designed to be at constant pres-
sure, and the slider can move in either the horizontal or
vertical directions. However, the granular bed is prepared
flat enough that it stays mostly horizontal, while pulled.
The system is lit from behind by a polarized light source.
In front, a camera with a crossed polarizer images the
grains and slider at a frequency of 120 Hz (see fig.1(b)).
The photoelastic response of the media provides a local
measure of the stress from the image intensity I [29].
Results – Fig.2 shows the evolution of the pulling force,
f(t) (colored), and of the slider speed v(t) (black), for
three typical pulling speeds. At low speed (a) c =
0.1 mm/s, the system crackles [27, 43]. The slider is im-
mobile most of the time, as it loads up elastically. It then
undergoes erratic sudden jumps of high intensity. These
unloading events are accompanied by slider slips and ir-
reversible grain flows. At high speed (c) c = 100 mm/s,
the slider never stops, and exhibits smooth periodic os-
cillations. In between (b) c = 15 mm/s, most of the
time, the slider exhibits slow noisy displacements with
erratic jumps, smoother and less intense than in the
crackling case. Fig.2(d) shows the power spectral den-
sity (PSD) of the force signal Pf for these three differ-
ent cases. At low c, above a flat lower cut-off, Pf fol-
lows a power-law spanning more than two decades in ω
with exponent −2.4±0.2, similar to Brownian noise [45].
At a medium c, Pf is constant for a large range of ω,
like white noise, and decays rapidly above a cut-off fre-
quency (∼ 10 Hz). For higher c, Pf develops a peak with
a characteristic frequency which depends on c, and dif-
fers from the constant inertial frequency of the system,
ωsyst =
1
2pi
√
k
M = 4.6 Hz.
The system can transit from the crackling to irreg-
ular to periodic. Fig.3(a) shows the evolution of the
force PSD, Pf , as c varies, for fixed k [46]. Consid-
ering the crackling regime (small c) and ignoring the
flat part of the PSD at high frequencies (corresponding
with sensor limits), Pf is fitted to a gamma-distribution:
Pf (ω) ∝ (1+ω/ωmin)−βe−ω/ωmax , where ωmin and ωmax
are the lower and upper power-law cut-offs respectively,
and β = 2.4± 0.2. The number of decades for which Pf
obeys a power-law, log10 (ωmax/ωmin), decreases as c in-
creases. This is quantified in the inset of fig.3(b), showing
that this number is roughly inversely proportional to c:
ωmax/ωmin ∝ 1/c. Moreover, in the inset of fig.3(a), Pf
curves, except for their upper cut-offs, collapse when ω
is scaled by c. This implies that ωmin = κc, where κ is a
characteristic wave number of the system, and indepen-
dent of c. For higher c, a bump appears close to ωmin.
This indicates the onset of oscillations at a frequency ωc.
The inset of fig.3(a) shows that, unlike ωmin, ωc does not
scale with c, since the peaks do not collapse. Fig.3(b)
FIG. 2. (color online) Typical signals. Evolution of the slider
speed v(t) (black) and pulling force f(t) (colored) for different
loading speeds (c = 0.1, 15 and 100 mm/s) displaying different
dynamics: crackling at low speed (a), irregular at medium
speed (b) and periodic at high speed (c). (d): Corresponding
power spectral density of the force signal Pf . A dashed line
shows a slope corresponding with the exponent −2.4 ± 0.2
fitted on the power-law obtained for c = 0.1 mm/s. The
shaded areas show the 95% confidence interval of the curves.
The blue curves are in log-log space. Experiments are carried
out with a spring of stiffness k = 70 N/m.
shows that the value of Pf at the peak is sub-linear in
c, with an exponent close to 0.5. This scaling quantifies
the oscillation strength.
Fig.4(a) presents the phase diagram that quantify
crackling and periodicity as a function of the loading
speed, c, and the system stiffness, k. The number of
decades (log10 (ωmax/ωmin)) is higher for lower c and k.
In this domain the crackling regime dominates. Con-
versely, the value of Pf at the peak is higher for higher
c and k. In this domain the periodic regime dominates.
Between these regions lies the irregular regime, where
there is neither a clearly defined power-law span nor a
well defined spectral peak. The transition between these
regimes is similar to an intermittent transition [47]. How-
ever, we do not detect a critical c between crackling and
periodic regimes. Fig.4b shows how the oscillation fre-
quency evolves with c for different k’s. We observe a
logarithmic dependence, ωc ∝ log c. This relation is con-
sistent with a homoclinic bifurcation with c [48]. Further-
more, the curves for different stiffnesses collapse when ωc
3FIG. 3. (color online) (a): Force power spectra Pf (ω) for dif-
ferent loading speeds, c ∈ [0.1, 100] mm/s with k = 192 N/m.
For c = 2 mm/s, Pf is fitted by a gamma function displayed
by a dashed line with lower (ωmin) and upper (ωmax) cut-off
positions. A straight dashed line shows a slope corresponding
with the exponent −2.4 fitted to the lowest c curve. Inset:
Pf with frequency scaled by c. (b) Maximum of Pf as a func-
tion of c, for power spectra with a bump. A dashed line with
slope 0.5 is given to guide the eye. Inset: Spreading of the
power-law regime (if any) ωmax/ωmin as a function of c. A
dashed line with slope −1 is given to guide the eye. Different
curves correspond to different stiffnesses, k.
is scaled by ωsyst =
1
2pi
√
k
M [49].
We also investigate the force signal probability distri-
bution function (PDF), P (f). Fig.5(a) shows P (f) for
different c, and fixed k. Regardless of the shear rate,
these PDF’s are well fitted by a Gaussian function of
standard deviation σ(c, k). Their mean value is indepen-
dent of c in the range of speeds explored here. Similarly,
as shown in the upper inset of fig.5(a), the force fluctu-
ations, quantified by σ, remain constant (σ ≈ 0.065) in
the crackling and irregular regimes. However, σ starts
to increase when the periodic behavior is first observed
(from c ≈ 20 mm/s), exhibiting more fluctuations.
We also explore the effect of other macroscopic pa-
rameters. Unlike previous findings [39], changing the
granular layer depth, L, does not change the system’s
behavior [50] to our experimental precision. The slider
motion creates a narrow shear band, and particle flow is
limited to the few top layers of grains. The narrowness
of this shear band, where plastic granular flow occurs,
is likely responsible for the fact that L does not play a
significant role in our experiment. However, the gran-
ular global pressure, from the slider weight, W = Mg,
changes P (f) significantly. The lower inset of fig.5(a)
FIG. 4. (color online) (a) Dynamics phase diagram. The color
plot of the crackling regime uses the color bar on the right.
It shows the power-law range ωmax/ωmin (left) as a function
of k and c. The color plot of the periodic regime uses the
color bar on the top. It is a map of the maximum of Pf in
the periodic regime as a function of k and c. The irregular
region, shown in gray does not have well defined periodic or
crackling behavior. Black dots are experimental measurement
points, the rest of the map is linearly interpolated (in the
log space). (b) Evolution of PSD peak frequency, ωc in the
periodic regime, scaled by ωsyst, vs. c on log-lin scales. The
scaling collapses the curves for different stiffnesses.
shows these PDF’s when the force is scaled by the slider
mass, f/W . P (f/W ) for different M collapse on a sin-
gle Gaussian curve, indicating that M controls both the
mean and fluctuations of f [51]. This collapse also im-
plies a linear relation between the global pressure, P,
and the mean global shear stress, τ , and its fluctuations
στ . This provides a constant average friction coefficient,
µ = τ¯ /P ≈ 0.47, for the slowly sheared medium.
We also study the relation between the global dynam-
ics, as characterized by the f(t), and the local dynam-
ics determined by the granular stress. The local stress
is computed from the polarized images intensity, I [52].
Fig.5(b) shows the image intensity PSD, PI , for several
c at fixed k = 70 N/m. Like Pf in the crackling regime,
PI follows a power-law with exponent −2.2 ± 0.2, and
the frequency interval of this power-law regime decreases
as c increases. However, as c increases, we do not ob-
serve a clear peak in PI , that would indicate a periodic
regime. The granular material is significantly stiffer than
the spring, and the particles have lower masses. For high
c, these differences result in interior granular fluctuations
that are much faster than the global fluctuations associ-
ated with the slider and spring [53]. These granular stress
fluctuations look almost the same for different loading
speeds. In the periodic regime, the local stress fluctua-
tions decouple from the flow of top layer particles, which
is correlated with the global force. This decoupling oc-
curs in the presence of an external spring, as for k →∞,
we do not observe a periodic regime [54].
Concluding discussion – The experiments reported here
4FIG. 5. (color online) (a) Probability density function of force
P (f), for different loading speeds, c, at fixed stiffness k =
192 N/m. For c = 20 mm/s, P (f) is fitted by a Gaussian dis-
played by a dashed line. The standard deviation is σ. Inset-
up: σ vs. c for different stiffnesses, k ∈ {14, 70, 192} N/m.
Inset-down: PDF of the force signal scaled by the slider
weight for different weights, Mg ∈ {0.83, 1.2, 1.55} N with
c = 0.5 mm/s and k = 192 N/m. (b) Image intensity (I(t))
power spectra, PI(ω), for different c ∈ [0.1, 100] mm/s with
k = 70 N/m. A straight dashed line shows a slope corre-
sponding with the exponent −2.2 ± 0.2 fitted to the lowest
speed.
demonstrate crackling and periodic dynamics while
shearing granular matter via a slider and a spring. The
system exhibits crackling, irregular or periodic, depend-
ing on the stage speed, c, and the spring stiffness, k. The
transition from crackling to periodic dynamics occurs
over a region of c − k-space, without a sharp crossover.
The other main observations of these experiments are:
(i) The shearing force PSD provides a useful tool to indi-
cate the dynamics of the system for a given set of system
control parameters, namely loading speed, system stiff-
ness, global pressure, and system size. (ii) The transi-
tion to periodic regime is similar to a homoclinic bifur-
cation, where c is the primary control parameter. (iii)
The shearing force PDF follows a Gaussian distribution
with a standard deviation, σ, that bifurcates at the on-
set of periodicity; σ is nearly independent of c below
the periodic regime, and grows sharply with c above the
transition. (iv) No clear periodicity is observed for the
local stress dynamics, including when the slider is in the
periodic regime.
These observations are in agreement with various nu-
merical simulations. Lacombe et al. [42] introduced a
simple friction model, similar to our experiment, with
two degrees of freedom, considering dilation. They repro-
duced stick-slip, inertial oscillations and sliding regimes
by increasing the shear rate. However, no crackling dy-
namics was observed, since their model lacks stochas-
ticity. Our phase diagram, presented in fig.4, may be
a detailed version of the stick-slip domain of their di-
agram. In an experimental study, Kaproth et al. [35]
observed only periodic stick-slip and sliding regimes, and
the driving rate only affects the slip event period. We
believe they do not observe crackling dynamics because
of mono-dispersity of their granular layers. In other stud-
ies, Aharonov et al. [38] simulated a system, very sim-
ilar to ours, using the discrete element method. They
also observed crackling, oscillatory and sliding regimes
by changing the loading speed and the slider mass. How-
ever, the effect of the stiffness was not tested and the
exact domain of the crackling regime were not investi-
gated. Liu et al. [39] also studied the effect of the driving
rate on avalanches. As in our experiments, they observed
that increasing the driving rate decreases the power-law
range of the avalanche size distribution, i.e. the number
of decades over which the avalanche size PDF obeys a
power-law. Avalanches have also been observed in depin-
ning models and a phase diagram of dynamical regimes
for such a model has been demonstrated [55] as a function
of c, k and L.
The findings of this letter can inform a number of open
problems, ranging from avalanche dynamics for non-zero
shear rate, to rheology of the sheared granular media,
fracture dynamics and the depinning transition. Future
work is required to investigate global and local (space-
time) avalanche statistics in the crackling regime.
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